Introduction Social deprivation during early life can severely affect mental health later in adulthood, leading to the development of behavioural traits associated with several major psychiatric disorders including schizophrenia. This has led to the application of social isolation in laboratory animals to model the impact of environmental factors on the aetiopathology of schizophrenia. However, controversy exists over the precise behavioural profile and the robustness of some of the reported effects of social isolation rearing. Materials and methods Here, we evaluated the efficacy of postweaning social isolation to induce schizophreniarelated behavioural deficits in C57BL/6 mice of both sexes. Results The effects of social isolation clearly differed between sexes: isolated male but not female mice exhibited multiple habituation deficits and enhanced locomotor reaction to amphetamine. Discussion The preferential vulnerability in the male sex corresponds well with the earlier disease onset and poorer prognosis in male relative to female schizophrenic patients. In contrast, we observed no evidence for a disruption of sensorimotor gating in the prepulse inhibition paradigm despite the efficacy of social isolation to alter startle reactivity. With both success and failure in the induction of schizophrenia-related endophenotypes, the present study thus provides important characterizations and qualifications to the application of the social isolation model in mice.
Introduction
The vulnerability in early life to alterations of the rearing environment, including social deprivation, is believed to play a crucial role in the aetiopathology of several major psychiatric disorders with a presumed neurodevelopmental origin (Garnefski et al. 1990; George et al. 1989) . These include schizophrenia, a severe mental disorder with multiple mental dysfunctions, which is considered to result from pre-and/or postnatal disturbances of the normal course of neurodevelopment (Harrison 1997; Maynard et al. 2001) .
A number of animal models have been developed based on the use of early life environmental stressors in prenatal (e.g., Fortier et al. 2004; Hauser et al. 2006; Meyer et al. 2005) or neonatal life (Ellenbroek et al. 1998; Pryce et al. 2001; Lehmann and Feldon 2000; RuediBettschen et al. 2005 ; Van den Buuse et al. 2003) . In the social isolation paradigm, the manipulation is not implemented until weaning age (at 3 weeks of age), and it typically involves isolated housing for at least 4-6 weeks (Geyer et al. 1993; Weiss and Feldon 2001) . In comparison to group-housing controls, postweaning isolation in rats (Hatch et al. 1965 ) and in mice (Valzelli 1973 ) produces a range of brain and behavioral changes (commonly referred to as the "isolation syndrome"), that may be linked to clinically relevant human psychopathological traits including those observed in schizophrenia (Van den Buuse et al. 2003) .
The more robust effects of the isolation syndrome are: (1) increased spontaneous locomotor activity which often expresses in the form of habituation deficit (mice: Abramov et al. 2004; Benton and Brain 1981; rats: Domeney and Feldon 1998; Gentsch et al. 1988; Heidbreder et al. 2000) , with few exceptions limited to specific strains (Geyer et al. 1993; Weiss et al. 2000 Weiss et al. , 2001a ; and (2) enhancement of the sensitivity to amphetamine (mice: Wilmot et al. 1984 Wilmot et al. , 1986 and rats: Jones et al. 1990; Sahakian et al. 1975; Smith et al. 1997; Weiss et al. 2001a) . These findings are indicative of mesolimbic hyperdopaminergia (Dai et al. 2004; Heidbreder et al. 2000; Jones et al. 1990; Leng et al. 2004; Wilmot et al. 1986) , which is closely related to the genesis of positive symptoms in schizophrenia (e.g., Gray et al. 1991; Laruelle et al. 1999) .
On the other hand, some reported effects of social isolation appear to be more fragile. In particular, the finding of sensorimotor gating deficits in the paradigm of prepulse inhibition (PPI) is controversial, although it has been reported in both rats (Varty and Geyer 1998; Varty et al. 2000; Weiss et al. 2001b; Wilkinson et al. 1994 ) and mice (Dai et al. 2004 (Dai et al. , 2005 Sakaue et al. 2003; Varty et al. 2006) . This concerns most directly the face validity of the social isolation model, as PPI deficiency is a robust (although not specific) endophenotype of schizophrenia (Turetsky et al. 2007 ). The controversy mainly stems from a series of findings in rats indicating that the emergence of isolation-induced PPI deficits depends on strain , sex (Weiss et al. 2001b ), the precise time of weaning (Cilia et al. 2005) , caging conditions (Weiss et al. 1999) , and prior test experience (Domeney and Feldon 1998; Weiss and Feldon 2001) . Others have shown that early handling or pretest regrouping (Varty et al. 1999 ) can even nullify the disruptive effect of isolation on PPI. Last but not the least, the test parameter of pulse stimulus intensity also seems critical in determining the magnitude of the PPI deficit produced by social isolation (Geyer et al. 1993 ).
The confusion is further compounded by the uncertainty over whether social isolation potentiates startle reaction (Dai et al. 2005; Sakaue et al. 2003; Varty and Higgins 1995; Wilkinson et al. 1994) or not (Dai et al. 2004; Varty et al. 2006 ) because interpretation of PPI results is often complicated by concomitant changes in startle reactivity (Swerdlow et al. 2000; Yee et al. 2005) . This, in itself, is an important issue because changes in startle reactivity may stem from alterations in emotional traits related to fear and anxiety (Bradley et al. 1990; Koch and Schnitzler 1997) . However, the impact of postweaning social isolation in this domain is also uncertain, with a mixture of reports documenting anxiogenic, anxiolytic and null effects after social isolation in mice (Guidotti et al. 2001; Guo et al. 2004; Moragrega et al. 2003) and rats (Lapiz et al. 2001; Maisonnette et al. 1993; Wright et al. 1991) . Resolution to this uncertainty is also relevant to the model's validity given the comorbidity between schizophrenia and anxietyrelated disorders (Seedat et al. 2007) .
Another critical factor is sex difference-a highly relevant demographic factor in a number of psychiatric diseases including schizophrenia (Blehar 1995; Castle et al. 1998; Hanna and Grant 1997; Seeman 1997) . Male schizophrenics typically have an earlier disease onset, poorer prognosis and exhibit a more severe symptomatology (Angermeyer and Kuhn 1988; Flor-Henry 1990) . PPI deficits also seem to be preferentially observed in male schizophrenic patients (Kumari et al. 2004) , although the consistency of this finding has been recently questioned (Braff et al. 2005 ). Sex differences in response to antipsychotic medication (Raedler et al. 2006; Seedat et al. 2007) , and comorbidity rate with anxiety-related disorders (Goldstein et al. 2007 ) have also been noted. Unfortunately, very few social isolation studies in rodents have explicitly compared subjects of both sexes. Weiss and colleagues reported that isolation disrupted PPI (Weiss et al. 2001b ) and enhanced anxiety in male rats only (Weiss et al. 2004 ), but sensitized response to systemic amphetamine in both sexes (Weiss et al. 2001a ). These authors concluded that male rats are more sensitive to the effects of social isolation (Weiss et al. 2001b ). However, the sex-dependent pattern of the isolation effect differs somewhat in mice. Social isolation induced hyperactivity in male mice only (Abramov et al. 2004; Guo et al. 2004) , and produced opposite effects in anxiety between males (anxiolytic, Guo et al. 2004 ) and females (anxiogenic, Abramov et al. 2004 ). On the other hand, the impact of isolation rearing on PPI has never been compared between the two sexes in mice, as all existing relevant experiments were conducted in males only (e.g., Dai et al. 2004 Dai et al. , 2005 Sakaue et al. 2003; Varty et al. 2006) .
In the present study, the behavioural effects of postweaning social isolation were evaluated in male and female C57BL/6 mice. Anxiety-like behaviours were directly assessed using the elevated plus maze (Pellow and File 1986 ) and the open-field test (Prut and Belzung 2003) . PPI was then assessed, adopting a procedure with multiple pulse intensities that is expected to overcome possible interpretative problems arising from baseline startle reactivity differences . Finally, the animals' reaction to systemic amphetamine challenge was examined, providing a test for possible dopaminergic dysfunction. The present experiment employed C57BL/6 mice because as an inbred strain, they are highly suitable for studies with environmental manipulation. Furthermore, the C57BL/6 strain is the most common genetic background for targeted molecular intervention, thus its use would maximize the relevance of the present study to the application of the social isolation model to investigate the gene-environment interactions involved in the aethiopathology of schizophrenia.
Materials and methods

Subjects and housing conditions
Male and female C57BL6/J mice were bred in the SPF (specific-pathogen-free) facility in the Laboratory of Behavioural Neurobiology (ETH, Zurich). The present study used a total of 51 subjects derived from six independent litters. Only litters with at least four animals belonging to each sex were selected. Members within each litter were randomly subdivided into two housing conditions with an equivalent contribution of each sex. We further ensured that each cage of the grouped condition comprised mice originating from at least two distinct litters. This procedure not only minimized possible confounding due to litter effects (Zorrilla 1997) , but also balanced the contribution of the litters to each housing condition. Here, we refrained from assessing the females' cycle status to avoid stress associated with repeated vaginal smear samplings required for an accurate documentation of individual animals' oestrous cycle. Furthermore, this would have introduced a confounding factor with sex because the vaginal smear sampling cannot be performed in male mice. Such confound would have negatively affected our ability to interpret any observed sex differences.
We adopted the convention to initiate the isolation housing condition at the early postweaning (juvenile) phase because it constitutes the critical period for the effects of social isolation in rats (Einon et al. , 1981 Einon and Morgan 1977, 1978) and in mice (Dyer and Southwick 1974; Terranova et al. 1993 ). This period is also highly sensitive to other forms of environmental manipulation (Pietropaolo et al. 2004 (Pietropaolo et al. , 2006 (Pietropaolo et al. , 2007 (Pietropaolo et al. , 2008 . The animals were weaned on postnatal day 1 and transferred to a separate temperature and humidity-controlled (22°C, 55%) animal room to begin the two experimental housing conditions: (1) isolated, in which mice were individually housed in Makrolon transparent cages of 41×20×19 cm, (2) grouped, in which mice were housed in unisexual groups of four to five in Makrolon cages, measuring 61× 33×18 cm. All cages (Tecniplast, Milan, Italy) were provided with weekly renewed sawdust bedding (Schill AG, Muttenz, Switzerland) and a stainless steel wired lid. Food chow (Provimi Kliba SA, Kaiseraugst, Switzerland) and water bottles were provided on the top of each cage ad libitum. The grouped condition included 13 females and 15 males, while the isolated group consisted of 12 females and 11 males. The animals were maintained under a 12:12 h reversed light-dark cycle (light off 0800-2000 hours).
Behavioural testing commenced 4 weeks from the beginning of isolation housing, which is in keeping with previous mouse studies (Dai et al. 2004 (Dai et al. , 2005 Varty et al. 2006) . Over a period of approximately 2 weeks, the mice were subjected to tests of anxiety, locomotor activity, prepulse inhibition of the acoustic startle response and amphetamine-induced hyperactivity (as described below in chronological order). A test-free period of at least 2 days was always allowed between successive tests. All tests were conducted in the dark phase. Similar to previous isolation studies (Bakshi and Geyer 1999; Varty et al. 2006 ; see also Renner and Rosenzweig 1987) , the animals were maintained in the corresponding housing conditions throughout the experimental period.
All manipulations described had been approved by the Cantonal Veterinary Authority of Zurich and were in accordance to the Principles of Laboratory Animal Care (NIH publication No. 86-23, revised 1985) .
Behavioural procedures
Elevated plus maze
Apparatus The elevated plus maze was made of clear acrylglass made opaque by black self-adhesive foil ("d-cfix", Konrad Hornschuch, Weissbach, Germany) with a removable plastic grey floor. It was elevated 70 cm above floor level and positioned in the middle of a testing room with diffuse dim lighting (25 lx in the centre). It consisted of four equally spaced arms radiating from a central square measuring 5×5 cm. Each arm was 30 cm long and 5 cm wide. One pair of opposing arms was enclosed with opaque walls, 14 cm high, except for the side adjoining the central square. The remaining two arms were exposed with a 3-mm-high parameter border along the outer edges. A digital camera was mounted above the maze. Images were captured at a rate of 5 Hz and transmitted to a PC running the Ethovision (Version 3.1, Noldus Technology, the Netherlands) tracking system.
Procedures To begin a trial, the mouse was gently placed in the central square with its head facing one of the open arms. It was allowed to explore freely and undisturbed for 5 min. 
Open-field test
Apparatus The apparatus consisted of four identical square arenas, each measured 40×40 cm in surface area and was surrounded on all sides by a 25-cm wall. The open field was made of wood with a white waterproof plastic surface. They were located in a testing room under diffused dim lighting (30 lx). A digital camera was mounted directly above the four arenas, capturing images from all four arenas at a rate of 5 Hz. The images were transmitted to a PC running the Ethovision tracking system (Version 3.1, Noldus Technology, The Netherlands).
Procedures The mice were tested in squads of four. They were gently placed in the centre of the appropriate arena and allowed to explore undisturbed for 1 h. Afterwards, they were returned to the home cage and the arenas cleansed with water and dried before the next squad. Locomotor activity was indexed by distance travelled recorded in successive 10-min bins. In addition, the exploration of a central region (13×13 cm) of the openfield arena was also recorded; this anxiety-related measure may be considered as an index of phobia towards open spaces (Prut and Belzung 2003) .
Prepulse inhibition of the acoustic startle reflex
Apparatus The apparatus consisted of four acoustic startle chambers for mice (SR-LAB, San Diego Instruments, San Diego, CA, USA) each comprised a nonrestrictive cylindrical enclosure made of clear Plexiglas attached horizontally on a mobile platform, which was, in turn, resting on a solid base inside a sound-attenuated isolation cubicle. A high-frequency loudspeaker mounted directly above the animal enclosure inside each cubicle produced a continuous background noise of 65 dB A and the various acoustic stimuli in the form of white noise. Vibrations of the Plexiglas enclosure caused by the whole-body startle response of the animal were converted into analogue signals by a piezoelectric unit attached to the platform. These signals were digitized and stored by a computer. A total of 130 readings was taken at 0.5-ms intervals (i.e., spanning across 65 ms), starting at the onset of the startle stimulus in pulse-alone and prepulse-plus-pulse trials, and at the onset of the prepulse stimulus in prepulse-alone trials. The average amplitude over the 65 ms was used to determine the stimulus reactivity. The sensitivity of the stabilimeter was routinely calibrated to ensure consistency between chambers and across sessions.
Procedures Here, we adopted the procedures and testing parameters used for the evaluation of PPI in mice of the same strain by Yee et al. (2005) . Briefly, PPI was assessed in a test session lasting for approximately 40 min, in which the subjects were presented with a series of discrete trials comprising a mixture of four types of trials. These included pulse-alone trials, prepulse-plus-pulse trials, prepulse-alone trials and trials in which no discrete stimulus, other than the constant background noise, was presented. A reduction of startle magnitude in prepulse-plus-pulse trials relative to that in pulse-alone trials constitutes PPI.
Pulse stimuli of three different intensities were employed: 100, 110 and 120 dB A . These were of 40 ms in duration. Prepulses of three intensities were employed: 71, 77 and 83 dB A , which corresponded to 6, 12, and 18 dB units above background, respectively. The duration of prepulse stimuli was 20 ms. The stimulus onset asynchrony (SOA) of the prepulse and pulse stimuli on prepulse-pluspulse trials was 100 ms.
A session began when animals were placed into the Plexiglas enclosure. They were acclimatised to the apparatus for 2 min before the first trial began. The first six trials consisted of six pulse-alone trials: two trials of each of the three possible pulse intensities. These trials served to habituate and stabilize the animals' startle response and were analysed separately. Subsequently, the animals were presented with ten blocks of discrete test trials. Each block consisted of the following: three pulse-alone trials (100, 110 or 120 dB A ), three prepulse-alone trials (+6, +12, or +18 dB units above background), and nine possible combinations of prepulse-plus-pulse trials (3 levels of prepulse × 3 levels of prepulse), and one no-stimulus (i.e., background alone). The 16 discrete trials within each block were presented in a pseudorandom order, with a variable intertrial interval of a mean of 15 s (ranging from 10 to 20 s). The session was concluded with a final block of six consecutive pulsealone trials as in the first block.
Amphetamine-induced hyperactivity
Procedures D-Amphetamine sulfate, obtained from SigmaAldrich (Switzerland), was dissolved in 0.9% NaCl solution to obtain the desired dosage (2.5 mg/kg, calculated as the salt). The substance was freshly prepared on the required days in solution form and was administered via the intraperitoneal (i.p.) route.
Mice were given a 30-min session of free exploration of the open-field test (baseline exploration) as previously described. They were then briefly removed from the open field and injected with either 0.9% NaCl or amphetamine solution before being returned to the open field for 90 min. The allocation of drug conditions was balanced across all between-subject factors, and with respect to their locomotor activity levels in the previous open-field test.
Data analysis The distance moved was measured in 10-min bins for both the pre-and postinjection sessions. Furthermore, an activity ratio was derived as follows: distance moved during each 10-min bin of the postinjection session/ distance moved during the last 10-min bin of the preinjection session. This provides a more sensitive index of the drug's locomotor-enhancing effect, taking into account individual variation before injection.
Statistical analysis
All data were analysed by parametric analysis of variance (ANOVA) using housing condition and sex as the betweensubjects factors. Additional within-subject factors (e.g., 10-min bins) were also included according to the nature of the considered dependent variables. Post hoc comparisons were performed using Fisher's PLSD test based on the overall error variance associated with the relevant factor. Supplementary restricted analyses were also conducted to assist data interpretation whenever appropriate. To better conform to the normality and variance homogeneity assumptions of parametric ANOVA, logarithmic transformation (base e) was applied to the startle reactivity scores in the prepulse inhibition experiment, except in the habituation analysis when this was not necessary. Likewise, a square-root transformation was applied to the activity ratio measure in the amphetamine locomotor experiment. All statistical analyses were carried out using SPSS for Windows (release 13, SPSS Inc. Chicago IL, USA) implemented on a PC running the Windows XP (SP2) operating system.
Results
Elevated plus maze
Social isolation did not affect anxiety-like behaviour regardless of sex. The mean values (±SEM) of the percent time spent in the open arms were: grouped males=20.12± 5.05%; isolated males=13.55±3.54%; grouped females= 6.86±1.88%; isolated females=14.92±4.84%.
A 2×2 (sex × housing condition) ANOVA of the percent time spent in the open arms revealed no significant effect. However, female mice tended to display higher anxiety levels compared to males, but this effect was mainly observed in group-housed controls. Although the interaction sex × housing condition failed to reach statistical significance [F(1,47) Second, locomotor activity as measured by distance travelled per 10-min bin decreased over time, indicating locomotor habituation. Habituation was present in all groups, but the rate of habituation appeared to be slower in isolated male mice relative to the male grouped controls (Fig. 1) . These impressions were supported by a 2×2×6 (sex × housing condition × 10-min bins) split-plot ANOVA, which revealed a significant main effect of bins [F(5,235 Locomotor habituation expressed as the time-dependent decrease in distance travelled, was observed in all experimental groups, but was attenuated by social isolation. This effect was selectively observed in male mice. Data are means±SEM. *p<0.05, based on the pooled error variance associated with the significant housing condition × bins interaction in the ANOVA restricted to male subjects. The grouped condition included 13 females and 15 males, while the isolated group comprised 12 females and 11 males p=0.38]. Post hoc pair-wise comparisons at successive bins confirmed that the isolated males showed significantly higher levels of locomotor activity compared to grouped controls in the third 10-min bin of the test.
Prepulse inhibition of the acoustic startle reflex
Startle habituation Startle habituation was evaluated by a comparison of mean startle reaction obtained in the first and the last blocks of six consecutive pulse-alone trials (two of each pulse intensity). As illustrated in Fig. 2 , a reduction of reactivity in the last relative to the first block was apparent in all groups except the male isolated animals. These animals showed instead a sensitization effect with reactivity in the last block being higher than in the first. In contrast, isolation did not affect the startle habituation in the female, but substantially reduced overall startle reactivity. There were thus two sex-specific isolation effects here: in each case, the isolation effect was accentuated by increasing pulse intensity, as both effects are most readily discerned at the highest pulse intensity of 120 dB A .
A 2×2×2×3 (housing condition × sex × blocks × pulse intensity) ANOVA revealed a number of significant effects. There was no overall significant effect of blocks, but the factor blocks showed significant interaction separately with sex [F(1,47)=6.69, p<0.05] and with housing condition [F (1,47)=5.62, p<0.05]. The presence of these significant interactions stemmed mainly from the unique presence of a sensitization (instead of habituation) profile in the isolated male. The housing condition × sex × blocks interaction, however, failed to attain statistical significance [F(1,47)= 3.26, p=0.08], and was likely to be due to a lack of statistical power.
As expected, the effect of pulse intensity was highly significant [F(2,94) Mice of all groups habituated in their acoustic startle response, with the exception of isolated males, showing the opposite tendency. Social isolation significantly reduced startle reactivity in females, and this effect was consistently observed across the different pulse levels, blocks and trials. These conclusions were supported by the housing condition × blocks interaction which was present only in the male (p< 0.01), while a significant housing condition effect was observed in the female (p<0.05). Data are means±SEM expressed in arbitrary units (a.u.) Pulse reactivity Next, we examined the animals' startle reaction obtained in the intermediate block of pulse-alone trials that were presented intermixed with other types of trials (i.e., in-between the first and last blocks of pulsealone trials described above). This further consolidated the presence of opposing sex-specific effects of social isolation on startle reactivity. In summary, social isolation attenuated startle reactivity in females, but potentiated startle response in males. These effects were observed against little or no difference between the sexes in the grouped housing condition. The mean (in arbitrary units followed by ln transformed ±SEM) reactivity score in four groups was: male grouped=3.57±0.09, male isolated=3.88±0.11, female grouped=3.68±0.10, female isolated=3.31±0.10 (also see Fig. 3 ).
These conclusions were supported by a 2 × 2 × 3 (housing condition × sex × pulse intensity) ANOVA of (ln transformed) mean startle reactivity in the intermediate block, which yielded a significant housing condition × sex interaction [F(1,47) Prepulse inhibition of the acoustic startle response A reduction of startle reactivity to the pulse stimulus on prepulse-plus-pulse trials relative to pulse-alone trials constitutes the prepulse inhibition (PPI) effect. We focused first on an analysis of the mean reactivity score obtained on both pulse-alone and prepulse-plus-pulse trials instead of using percent inhibition as the measure of PPI because of the clear presence of an isolation effect on startle reactivity (see above) and that the direction of the effect depended further on sex. This approach is recommended when there are confounding changes in startle reactivity on pulse-alone trials (Swerdlow et al. 2000; Yee et al. 2005) . As illustrated in Fig. 3 , startle reactivity fell with increasing prepulse stimulus intensity (with prepulse intensity of "+0" referring to pulse-alone condition), constituting the PPI effect. The magnitude of this reduction and its dependency on prepulse intensity was largely unaffected by social isolation.
A 2×2×3×4 (housing condition × sex × pulse intensity × prepulse intensity) ANOVA of ln-transformed reactivity scores revealed a main effect of pulse [F(2,94)=179.76, p < 0.0001], of prepulse intensity [F(3,141) = 270.21, p < 0.0001], and their interaction [F(6,282) = 10.84, p<0.0001]. These effects indicated the overall impact of pulse intensity on reactivity, the expression of an overall PPI effect and the dependency of PPI on pulse intensity, respectively (see Fig. 3 ). Consistent with the analysis on pulse reactivity above, isolation generally enhanced reactivity in male mice but attenuated it in females. Here, these opposing effects gave rise to a significant effect of sex [F(1,47)= 6.42, p <0.05] and of its interaction with housing condition [F(1,47)=9.30, p<0.05]. Fig. 3 Prepulse inhibition of the acoustic startle. The analysis of the mean reactivity scores showed that social isolation exerted opposite effects in male and female mice, and they were mainly evident at the highest levels of pulse intensities. When the data were further examined by matching the pulse-alone reactivity amongst experimental groups (see arrows), no effect of social isolation was found. Data are means±SEM. The measures of mean reactivity were subjected to a natural logarithmic transformation before analysis to better conform to the assumptions of parametric ANOVA. The grouped condition included 13 females and 15 males, while the isolated group comprised 12 females and 11 males To circumvent the confounding effect of isolation on startle reactivity per se (pulse-alone, i.e., at "+0" condition of Fig. 3) , we reexamined the isolation effect in each sex by matching the mean reactivity scores on pulse-alone trials between isolated and grouped housing conditions as indicated by the double-headed arrows in Fig. 3 . Thus, isolated males' performance at 110 dB A pulse condition was compared with grouped males' at 120 dB A pulse condition; and isolated females' performance at 120 dB A pulse condition were contrasted with grouped females at 110 dB A pulse condition. None of these comparisons yielded any statistical suggestion of a difference between the two housing conditions or a housing condition × prepulse intensity interaction [all Fs<1].
As illustrated by . Although a significant interaction housing condition × pulse intensity × prepulse intensity [F (4,188)=2.47, p<0.05] was found, this effect was due to a PPI enhancement (potentially exaggerated by the percentage expression) observed in isolated mice only at the lowest pulse intensity. When the pulse intensity of 100 dB A was excluded from the analysis, the ANOVA confirmed a nonsignificant interaction housing condition × prepulse intensity [F(2,94)=2.08, p=0.13].
A null effect of isolation on PPI was also obtained by performing a matching analysis on the percent PPI, as previously described for the mean reactivity scores, lending support to the conclusion that the expression of PPI was statistically indistinguishable between the two housing conditions when reactivity on pulse-alone condition was closely matched (Table 1) .
Reaction to the prepulse stimulus alone Analysis of the animals' direct reaction to the prepulse stimulus and in comparison to control "no-stimulus" trials revealed that a monotonic increase in reactivity, that was largely independent of housing conditions or sex. The mean reactivity (ln-transformed) at each of the four levels of prepulse intensity was: background (no stimulus)=1.49± 0.09, +6 dB=1.43±0.10, +12 dB=1.56±0.09, +18 dB= 1.73±0.08. A 2×2×4 (housing condition × sex × prepulse intensity) ANOVA of the ln-transformed reactivity scores obtained on these trials yielded a main effect of prepulse [F (3,141)=7.11, p<0.05]. There were no other significant effects.
Amphetamine-induced hyperactivity
Baseline exploration of the open field did not differ among groups. Locomotor habituation, indexed by the timedependent decrease in locomotor activity, was equally observed in all animals during the 30-min session of baseline exploration the open-field test. These conclusions were supported by a 2×2×3 (housing condition × sex × 10- Table 1 Quantification of the prepulse inhibition (PPI) effect in terms of percent inhibition
The assessment of PPI was performed employing multiple pulse intensities, to overcome the interpretative problems arising from baseline startle reactivity differences In the drug phase of the experiment, amphetamine treatment elevated locomotor activity in all groups relative to saline injection, with a peak response at bins 3-4. Social isolation appeared to potentiate the animals' response to amphetamine, but this effect was only seen in the male sex (Fig. 4) .
A 2×2×2×9 (sex × housing condition × drug × 10-min bins) ANOVA of the activity ratio yielded a main effect of drug [F(1,43) , thereby lending support to the conclusion that social isolation preferentially exacerbated the reaction to amphetamine in the male sex.
Discussion
The present study further characterised the impact of postweaning social isolation in C57BL/6 male and female mice and provided an assessment of its face validity as a model of schizophrenia. Here, we showed that social isolation enhanced locomotor activity, attenuated locomotor habituation, reversed the startle habituation effect, and potentiated the locomotor response to systemic amphetamine. All these effects were preferentially observed in the male sex. However, isolation was not entirely behaviourally ineffective in the female mice, as it significantly attenuated their startle reactivity. Interestingly, social isolation exerted an opposite effect on startle reactivity in the male. Neither of these effects can be readily attributed to an anxiolytic or axiogenic trait because isolation apparently did not affect anxiety-related behaviour, as demonstrated in the elevated plus maze and open-field test. Sensorimotor gating in the form of PPI was also unaffected by social isolation, even though isolated male mice displayed a sensitized response to amphetamine. Fig. 4 Amphetamine-induced hyperactivity. Social isolation enhanced the locomotor response to amphetamine in the 90-min session of the open-field test, and this effect was more pronounced in males than in females. A significant housing condition × drug × bins interaction (p<0.05) was obtained in the ANOVA restricted to male subjects. The number of subjects in each group was: male grouped, seven SAL and eight AMPH; male isolated, six Sal and five Amph; female grouped, six SAL and seven AMPH; female isolated, six SAL and six AMPH. Dotted line represents baseline locomotor activity. Data are means±SEM Sex dependency of the social isolation effect Our data therefore indicate that male C57BL/6 mice are consistently (across paradigms) more sensitive than females to the impact of early life social isolation. A similar malepreferential profile has been previously shown in another mouse strain (Guo et al. 2004 ) and suggested on the basis of data in rats (Weiss et al. 2001b) . Hence, there is converging evidence to conclude that this sex difference is a robust feature of social isolation effects. This may be considered an advantage for an animal model of schizophrenia that adds to its validity because male schizophrenics typically exhibit a more severe clinical profile and an earlier onset of the disease than female patients (Angermeyer and Kuhn 1988; Flor-Henry 1990; Roy et al. 2001) . Of the major isolation effects observed here, the differential efficacy of isolation between the sexes to potentiate amphetamine-induced hyperlocomotion is in agreement with data obtained in rats (Sahakian et al. 1975 ). Yet, further investigations employing a higher number of subjects per group are warranted to confirm the lack of isolation effects on amphetamine-induced hyperactivity in female mice. On the other hand, the parallel between the two rodent species is less clear in terms of spontaneous locomotor activity. Similar to our observations, Abramov et al. (2004) did not find an isolation effect on spontaneous open-field activity in female C57BL6 mice; and a similar sex difference was reported in the SwissKunming hybrid mouse strain (Guo et al. 2004 ). These null effects in female mice are in contrast with reports in rats (Einon and Morgan 1977, 1978; Einon et al. 1981) and may indicate rooms for subtle species differences in the sexdependent effects of social isolation.
It has been suggested that the sex-dependent isolation effect reflects a general male sensitivity to environmental manipulations (Weiss et al. 2001b; Weiss and Feldon 2001) . In relation to a specific behavioural model of schizophrenia-the latent inhibition model (Feldon and Weiner 1992) , environmental manipulations such as early life non-handling (Peters et al. 1991; Shalev et al. 1998; Weiner et al. 1985 Weiner et al. , 1987 and prenatal stress (Shalev and Weiner 2001; Bethus et al. 2005) have been reported by several groups to disrupt latent inhibition in male but not in female rats. A similar sex difference is also reported after corticosterone administration (Shalev and Weiner 2001) . These findings support the suggestion that the male sex tends to be more vulnerable to neurodevelopmental interference induced by early life environmental adversity. This is in line with the higher incidence of general developmental disturbances in the male human population (Castle et al. 1998; Seeman 1997) . Although the precise biological basis of this sex difference is not known, enhanced vulnerability in the male sex may also instead (or in addition) reflect enhanced protection in the female. It has been suggested that the neuroprotective properties of estrogens may account for the lower sensitivity of females to environmental hazards (Seeman and Lang 1990; Suzuki et al. 2006) . In addition to such female-specific factors, male-specific differences in brain development during the juvenile age-e.g., the greater degree of mesolimbic overproduction and subsequent pruning of dopamine receptors in males (Andersen et al. 1997; Spear 2000) may also play a crucial role in their enhanced sensitivity to social isolation.
However, there are exceptions to the 'male vulnerability' hypothesis. We have previously reported that structural changes to the home-cage in the early postweaning life that did not directly interfere with the social composition within cage resulted in more marked behavioural effects in female than in male C57BL/6 mice (Pietropaolo et al. 2007 ). Hence, the possibility that specific elements unique to the social isolation procedure may be critically responsible for the emergence of its sex-dependency cannot be entirely excluded. Given that social interaction amongst juvenile conspecifics plays a crucial role in the subsequent development of dominance hierarchies that is unique to male mice (Terranova et al. 1993 (Terranova et al. , 1998 , one may suspect that deprivation of direct social contacts exerts a more pronounced impact on the psychological development of male mice.
The psychopathological profile of the isolation syndrome: a model of schizophrenia The present study shows that the social isolation procedure is certainly not without merits in modelling the importance of environmental factors in the genesis of schizophreniarelated psychopathology. First, the effect of social isolation on open-field activity in the male is best characterized as a delay or attenuation of locomotor habituation, given that isolated and grouped males were highly comparable in the beginning and at the end of the test period. Hence, the effect of isolation was not merely an up-or downregulation of general activity, and we did not observe a statistically significant main effect of isolation housing. The latter may be considered to be in agreement with a null effect on spontaneous locomotor activity after isolation in male C57BL/6 mice reported by Varty et al. (2006) , although these authors failed to observe any change in locomotor habituation. Surprisingly, another group reported a suppressant effect of isolation on open-field activity in the same mouse strain (Dai et al. 2004 (Dai et al. , 2005 , but this outcome may be unique because their test was conducted in the inactive "light" phase of the daily light-dark cycle. Indeed, it is possible that the effects of social isolation on locomotor habituation in the open field in male C57BL/6 mice are not robust, as they were absent in the pre-amphetamine phase of the final experiment here. Alternatively, this inconsistency might be due to the different test history of the subjects at the time of the two open-field experiments. In line with this possibility, it has been shown in rats that previous exposure to PPI testing alone was sufficient to affect the magnitude of the isolation effects on spontaneous locomotor activity in male rats (Domeney and Feldon 1998) .
Here, the male isolated animals not only showed an attenuation of locomotor habituation in the open field, but also displayed a pronounced lack of startle habituation in the subsequent PPI experiment. In agreement with our interpretation, slower habituation to an open field or to objects has also been reported in isolated rats (Einon and Morgan 1976, 1978) . propose that this effect stems from increased arousal to novelty. However, the lack of difference at the start of the open-field test here, when novelty was expected to be maximal, does not readily support this explanation. Alternatively, the habituation deficit may be a consequence of behavioural perseveration. Response perseveration in operant tasks (Morgan and Einon 1975) , perseverative exploratory patterns (Varty et al. 2000) , impaired working memory (Einon 1980) , and poor reversal learning (Jones et al. 1991) have been reported in rats after social isolation. The behavioural rigidity and inflexibility in isolated animals may mimic the perseverative tendency observed in schizophrenic patients (Crider 1997; Yogev et al. 2003 Yogev et al. , 2004 .
Second, we observed a clear potentiation of the amphetamine hyperlocomotor response in male mice that is in agreement with previous mouse studies (Wilmot et al. 1984 (Wilmot et al. , 1986 . These findings in mice contrasted with the failure to obtain such an effect in Sprague-Dawley rats by Weiss et al. (2001a) . As isolation also failed to enhance spontaneous locomotor activity in the same animals, these authors concluded that the two effects are inextricably linked. In the present study, we also did not observe an activity-enhancing effect of isolation in the preinjection phase of the amphetamine experiment in the male isolated mice which showed a potentiated response to amphetamine. This apparently does not support the conclusion by Weiss et al. (2001a) . However, a sign of enhanced locomotor activity was detected in the male isolated mice in the form of a habituation deficit in the first open-field experiment. We therefore evaluated whether the rate of locomotor habituation in this test might predict the animals' response to amphetamine in the subsequent test. However, we failed to identify any evidence for such a link in the overall analysis including all subjects and within the amphetamine-treated isolated males. The suggestion by Weiss et al. (2001a) may therefore be applicable uniquely to rats, or even to the particular Sprague-Dawley rat strain.
Third, social isolation apparently led to sensitization of startle reactivity (instead of startle habituation) and an enhancement in startle reactivity in the male. It is likely that the former effect is partly, if not solely, responsible for the latter finding. In contrast, the opposite effect of isolation on startle reactivity in the female was not associated with any obvious changes in startle habituation. Therefore, it seems that isolation affected different psychological processes between male (sensitization/habituation) and female (startle reactivity per se), rather than it genuinely exerting opposing influences between the sexes. The apparent startle enhancement seen here in male mice resembles previous findings in both rats (Varty and Geyer 1998; Weiss et al. 1999; Wilkinson et al. 1994 ) and mice (Dai et al. 2005; Sakaue et al. 2003) . Although Varty et al. (2006) failed to obtain a significant isolation effect on startle reactivity, a clear tendency can nonetheless be readily discerned from their data in C57BL/6 mice (see their Fig. 4 , pp.165). On the other hand, our observation of startle sensitization in the same mouse strain constitutes a novel finding.
Our ability to demonstrate a sensitization effect of isolation might be facilitated by a background of weak habituation process as suggested by the performance in the male group-housed controls. According to the dual-process theory (Groves and Thompson 1970) , this might have allowed an overall sensitization effect to emerge in the male isolated mice here. This view may also account for the similar pattern of results seen after perinatal isolation in rats, which led to increased startle response accompanied by a habituation failure (Finamore and Port 2000) . Indeed, the lack of startle habituation has been widely described in schizophrenic patients (Geyer and Braff 1987; Geyer et al. 1990) , and our results suggest that this deficit may be partly attributed to enhanced sensitization process. However, no effect of social isolation on startle habituation has been reported in rats (Varty and Geyer 1998; Weiss and Feldon 2001) , and perhaps mice are preferentially affected in this respect. Comparison with previous isolation studies in mice is, however, hampered by the paucity of relevant dataonly one existing report has included analysis of startle habituation (Varty et al. 2006) . Although these authors reported that startle habituation was not significantly attenuated by isolation in male C57BL/6 mice, a clear tendency is revealed upon closer examination of their reported data (see their Fig. 4 , pp.165) in the 6-week isolation condition. It is especially clear when one directly compares the startle reactivity in the first block with that in the last (in which only pulse-alone trials were administered), as we did here.
Fourth, there was a clear lack of an effect of isolation on PPI expression in the present study. This conclusion is based on various methods of PPI quantification, including the additional comparisons that matched the baseline differences in startle reactivity induced by isolation. This is the first report of a null effect of isolation in mice. It contrasts with the three existing reports of isolation-induced PPI deficit in C57BL/6 mice (Dai et al. 2004 (Dai et al. , 2005 Varty et al. 2006) , all conducted in males. Common to these positive reports is that the magnitude of PPI disruption was invariably rather small, with the difference in %PPI between isolated and grouped controls of less than 10% units. This is relatively weak in comparison to the disruption of PPI by dopaminergic agonists (amphetamine at 2.5 mg/kg i.p. and apomorphine at 2 mg/kg s.c.) in male C57BL/6 mice, which typically ranges from 20-30% units (Yee et al. 2004) , and the isolation-induced disruption reported in the rat literature (ca 30% units reduction, e.g., in Geyer et al. 1993) . Sakaue et al. (2003) reported an isolation-induced deficit of around 20% units in the DDY mouse strain, but this was accompanied by a more than twofold increase in startle reactivity. Indeed, a similar tendency of enhanced startle reactivity, albeit of a smaller magnitude and sometimes not reaching statistical significance, is also seen in C57BL/6 mice (e.g., Dai et al. 2004 Dai et al. , 2005 Varty et al. 2006) . Given that the measure of %PPI can be substantially biased by such baseline differences, the reported reduction in %PPI after isolation in mice might tend to be an overestimation given its already limited effect size in C57BL/6 mice amongst existing reports. Hence, the presence or absence of PPI deficit (and its severity) after isolation rearing in mice certainly warrants further evaluation, and care must be taken to account for any potential baseline startle reactivity differences. A reliance on %PPI measure alone in such cases is indeed insufficient and at times inappropriate (Swerdlow et al. 2000; Yee et al. 2005) . Resolution of this issue in mice and a similar debate over the fragility of the isolation effect on PPI in rats (Domeney and Feldon 1998; Weiss et al. 1999) will eventually decide if PPI deficiency is a central key feature of the isolation syndrome in rodents. Indeed, differences in pre-PPI testing experience may account for the discrepancies observed between our and previous studies in male C57BL/6 mice (Dai et al. 2004 (Dai et al. , 2005 Varty et al. 2006) , thus suggesting that isolation-induced PPI disruption may also represent a fragile phenomenon in mice as previously demonstrated in rats (Domeney and Feldon 1998; Weiss et al. 1999) .
Finally, when the overall pattern of results (in the male) is considered, the present study readily suggests that the presence of isolation effects on locomotor habituation, startle reactivity/habituation, or amphetamine response is not necessarily accompanied by a PPI deficiency. This reinforces previous suggestions that PPI deficiency, increased startle reactivity, and locomotor hyperactivity are independent (and therefore mechanistically distinct) effects of social isolation (rat: Domeney and Feldon 1998; Geyer et al. 1993; Varty et al. 2000; mouse: Dai et al. 2004 mouse: Dai et al. , 2005 Varty et al. 2006) . Hence, the diverse features of the isolation syndrome may emerge with differing probabilities depending on various factors, such as sex, strain, species and differences in individual experience, and so they do not necessarily cooccur. This is contrary to the view that these diverse behavioural effects of social isolation essentially stem from a common brain dysfunction, namely, mesolimbic functional hyperdopaminergia . A modified view with additional power of explanation posits that distinct effects of isolation rearing on locomotor activity, pulse reactivity and PPI are related to regionspecific or receptor-specific alterations in central DA functions (Geyer et al. 1993) . A less parsimonious account that has received supports from several lines of research suggests that social isolation induces complex changes to a variety of neurochemical messenger systems (rat: Heidbreder et al. 2000; Jones et al. 1992; Muchimapura et al. 2002 Muchimapura et al. , 2003 Thoa et al. 1977; mouse: Kempf et al. 1984; Schiller et al. 2003) ; and perhaps the differential effects of isolation on PPI and behavioural reactivity may be accounted by the absence or presence of alterations in neurotransmitters beyond dopamine. Indeed, certain behavioural effects of social isolation may be specifically mediated by modifications of the glutamatergic system (Agis- Balboa et al. 2007; Varty and Higgins 1995) , which are considered to play a crucial role in the pathogenesis of the negative and cognitive symptoms schizophrenia (Coyle and Tsai 2004; Coyle et al. 2003 ).
Limitations of the study
In spite of the clear demonstration of several sexdependent effects of social isolation, the interpretation of the present data needs to take into account some specific limitations of the present experimental design. First, the multiple-testing experience may reduce the magnitude of the impact of social isolation on certain behaviours here, as previously demonstrated in rats (Domeney and Feldon 1998) . Hence, further investigation employing behaviourally naïve animals is warranted to confirm the lack of effects of isolation on PPI in animals of both sexes, and on amphetamine-induced hyperactivity specific to the female. Regarding the latter negative finding, replication with an increase in sample size would be particularly appropriate because the present study only had six to seven animals per group in the amphetamine experiment. It is indeed possible that the effects of isolation on the locomotor response to systemic amphetamine administration are present, but weaker in female compared to male mice, and were not detectable here because of the limited number of animals.
Conclusions
The present study provides important qualifications and limitations to the social isolation procedure in mice as a model of schizophrenia. The preferential effect of isolation in the male sex which was observed across multiple behavioral paradigms represents the most notable positive finding. Indeed, the observed phenotypes of habituation deficit and enhanced sensitivity to psycho-stimulants do bear relevance to schizophrenia. Further investigation aiming to identify the mechanisms underlying the females' relative insensitivity to social isolation might even shed light on potential preventive interventions in high risk individuals (Compton 2004; Killackey and Yung 2007; Phillips et al. 2002) .
On the other hand, we showed that PPI was not affected by social isolation in C57BL/6 mice, suggesting that postweaning social isolation alone may not be sufficient to induce robust deficiency in early attentional control. The lack of an effect on PPI-a critical endophenotype in schizophrenia (Turetsky et al. 2007 ) may not necessarily be a shortcoming of the model. First, PPI deficiency is not unique to schizophrenia (Perry et al. 2001 (Perry et al. , 2007 . Second, this lack of an effect on PPI and the overall limited impact of social isolation on female behaviour, is in line with the expectation of one developmental perspective in the aetiology of schizophrenia, namely, the "two-hit model". In the absence of preexisting developmental disruptions (the first hit), the efficacy of environmental stressor (the second hit) to produce the full spectrum of schizophreniarelated psychopathology is expected to be limited (Maynard et al. 2001 ; Van den Buuse et al. 2003) . Thus, social isolation rearing in C57BL/6 mice may represent a valuable tool for the examination of schizophrenia-related candidate genes and their interaction with environmental stressors within the context of the "two-hit" model.
